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The origin of the very low and glasslike lattice thermal conductivity ��L� in highly crystalline clathrates has
been intensely discussed. Guest atom tunneling, guest atom resonant scattering, disorder scattering, and soft
potentials have been proposed as possible explanations. However, none of these models can explain the
fundamental difference in �L between n- and p-type Ba8Ga16Ge30. Here we provide a comprehensive expla-
nation through analysis of the physical properties of a range of Ba8In16−xGe30−y�x+y and Ba8Ni6−xGe40+x

samples. We show that �L is intimately linked to the charge carriers, and propose that the glasslike �L is a
consequence of strong phonon charge carrier coupling. In general the influence of charge carriers on �L has
been studied only in relatively lightly doped and structurally ordered semiconducting materials. Clathrates
constitute a class of materials with relatively large charge carrier concentrations in combination with structural
disorder. This opens up the possibility of studying the influence of charge carriers on �L in the limit where �L

and �e are of equal magnitude.

DOI: 10.1103/PhysRevB.73.094301 PACS number�s�: 63.20.�e, 72.15.�v, 72.20.�i

Inorganic clathrates are Zintl compounds with alkali or
alkaline earth elements located inside cages made from tet-
rahedrally bonded group IV atoms partly substituted by
group III or transition elements to ensure charge compensa-
tion. The lattice thermal conductivity ��L� of clathrates has
been intriguing since the discovery of the glasslike magni-
tude and temperature dependence of �L in n-type
Sr8Ga16Ge30 �Ref. 1� and n-type Eu8Ga16Ge30.

2 Initially it
was proposed that guest atom tunneling in combination guest
atom resonant phonon scattering was responsible for the
glasslike �L.2–5 This appeared to be corroborated by the ab-
sence of a glasslike �L in n-type Ba8Ga16Ge30, where neutron
diffraction experiments showed that the cation nuclear den-
sity distribution is more localized than in Sr8Ga16Ge30 and
Eu8Ga16Ge30.

4 However, later a glasslike �L was also ob-
served in p-type Ba8Ga16Ge30, and it was proposed that the
low temperature �T�5–10 K� �L is determined by phonon
charge carrier scattering.6 The dip in �L observed at approxi-
mately 10–30 K, which is believed to originate from phonon
resonant scattering on guest atoms, was suggested to be en-
hanced by some unknown mechanism related to the elec-
tronic band structure.6 Disorder scattering related to the dis-
placement of the guest atoms,7 four well tunneling,8 as well
as soft potential model for the guest atoms9 have been pro-
posed as models for explaining the dip in �L. However, all
the models lack the ability to explain the difference in �L
between the almost identical crystal structures of n- and
p-type Ba8Ga16Ge30.

10

Here we present �L�T� data of four Ba8In16−xGe30−y�x+y

samples �� is a vacancy� and four Ba8Ni6−xGe40+x samples
along with some of their electronic properties. �L�T� varies
from normal crystal-like to glasslike, and together with the
systematic changes in the electronic properties this is con-
vincing empirical evidence that the scattering mechanisms
determining �L�T� of clathrates are linked to the charge car-
riers. We propose that the glasslike thermal conductivity is a
consequence of two different phonon charge carrier scatter-
ing mechanisms. The first mechanism is due to phonons scat-

tered from free charge carriers and this mechanism domi-
nates at T�5–10 K leading to �L�T��T2.6,10 The second
mechanism, which is responsible for the resonance dip in
�L�T� at approximately 10–30 K, is related to phonons scat-
tered from bound/localized charge carrier states. As a conse-
quence of this we believe that the resonant scattering of
phonons on the guest atoms only contributes significantly to
the thermal resistance above 50–70 K. This is in accordance
with recent values of resonance frequencies of the guest
atoms11 which are found to be too high to be related to the
resonance dip.

Table I lists the samples used in the present study along
with various chemical and physical properties. The earliest
records on Ba8In16−xGe30−y�x+y and Ba8Ni6Ge40 are in Refs.
12 and 13, respectively. Samples Ia and Ib were synthesized
by heating Ba, In, and Ge �8:16:30� in an evacuated quartz
ampoule up to 1000 °C followed by a rapid cooling to room
temperature. The products were crushed into fine powders
and hot pressed. Sample Ia was pressed with a 30 MPa pres-
sure at 575 °C for 15 min, but this resulted in elemental
indium being pressed out of the sample. From the mass of
the In the empirical formula of the bulk material could be
estimated to Ba8In12.9Ge30. Sample Ib was pressed at only
500 °C �also 30 MPa�, but this still leads to In being pressed
out of the sample. For this sample the empirical formula was
estimated to be Ba8In12.2–13.3Ge30. After pressing both
samples were annealed at 600 °C for 4 days. Samples Ic and
Id were synthesized by an In-flux method similar to the one
described in Ref. 6. Excess amounts of In with Ba and Ge in
a 8:30 relationship were heated to 1000 °C in an evacuated
quartz ampoule, and subsequently cooled at 2 °C/h to
600 °C �sample Ic� and room temperature �sample Id�. Large
single crystals �diameters�5 mm� were found after remov-
ing the excess indium by heating followed by soaking
the products in concentrated HCl for several hours.
Ba8Ni6−xGe40+x samples with x=0 �IIa�, 0.2 �IIb�, 0.4 �IIc�,
and 0.6 �IId� were synthesized by heating stoichiometric
amounts of the elements in evacuated carbon coated quartz
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ampoules up to 1000 °C for 2 h followed by slow cooling to
700 °C. The samples were held at this temperature for 48 h
and subsequently quenched to room temperature. The prod-
ucts were crushed into fine powders from which pressed
samples were made by a spark plasma sintering. Sample IIa
was heated to 575 °C with a 75 MPa pressure, whereas the
other three samples only were heated to 500 °C. On all
samples the purity was checked by conventional powder
x-ray diffraction on a Bruker D8 diffractometer �Cu K��.
Small amounts �1 to 2 at. % � of elemental indium were
found in samples Ia and Ib. For samples Ic and Id no other
phases were observed. However, the resistivity measurement
showed a superconducting transition around 3.5 K and this is
probably a small amount of excess In not removed by the
acid treatment. In samples IIa–IId small impurities of NiGe
were detected by conventional x-ray powder diffraction.
Sample IIb was also used in a synchrotron powder diffrac-
tion study and here the amount of NiGe could be refined to
1.52 w/w %.14 A trace of BaGe2 was also detected, but the
refinements did not converge if this phase was included
�peak intensities were very small�. The thermal conductivity
���, thermopower �S�, resistivity ���, and Hall effect �RH�
were measured on a Quantum Design Physical Properties
Measurement System. The lattice thermal conductivities of
the samples are plotted in Fig. 1.

Among the indium containing clathrates the lattice param-
eter �a� varies significantly between the hot pressed samples
and the samples grown in indium flux, Table I. This variation
can be explained by the difference in the composition and the
relatively large concentration of vacancies in samples Ia and
Ib. The small difference in a between samples Ic and Id can
be explained by a slightly larger In content in sample Id due
to different synthesis conditions. The compositions, densi-

ties, and lattice parameters of Ia and Ib are at variance with
the Ba8InxGe42-3/4x�4-1/4x composition suggested in Ref. 12,
and this indicates a significant In, Ge, and � phase width.
For the nickel containing clathrates a increases slightly with
increasing Ge content. In general, one vacancy in a tetrahe-
dral coordination environment leads to eight localized states,
i.e., two states from each dangling bond next to the vacancy.
Energetically these states are located in the band gap, and if
the vacancy concentration is sufficiently large a band can be
formed.15,16 Thus compared with a framework without a va-
cancy eight states are removed from the valence band. From
the composition of samples Ia and Ib the total number of
valence electrons per unit cell is 170.2 and 173.6 e− /uc, re-
spectively. The total number of valence states and localized
states due to vacancies are 151.1 per uc �156.9 per uc for Ib�
and 32.9 per uc �27.1 per uc for Ib�, respectively. This means
that the Fermi levels in these two samples are located in
localized vacancy bands, and this explains the n-type electri-
cal properties with relatively large carrier concentration �n�,
large effective mass �m*�, and low mobility ���, see Table I.
For samples Ic and Id n-type properties are also observed,
although with a charge carrier concentration much larger
than expected if the composition is close to the ideal 8:16:30
ratio. Nonetheless it can be explained by the presence of
vacancies with a concentration that does not exceed one per
unit cell. This is smaller than can be detected by diffraction
but still in agreement with the measured/theoretical densities,
large m* and low �. For Ba8Ni6−xGe40+x, the IIa �x=0� and
IIb �x=0.2� samples show p-type properties, whereas the
other two samples �IIc, IId� have n-type properties. From
valence electron counting one would expect p-type proper-
ties for all samples with n=8, 7.2, 6.4, and 5.6 e+ /uc for
samples IIa–IId, respectively. Only samples IIa and IIb have

TABLE I. Measured and calculated chemical and physical properties. The composition of the indium containing clathrates was estimated
by energy dispersive x-ray analysis �EDX� and the results are given relative to sample Id which was assumed to have Ba8In16Ge30

composition. This assumption seems to be justified since the lattice parameter of sample Id is close to the lattice parameter of the
Ba8In16Ge30 sample in Ref. 12. The relative uncertainty in the composition measurement is of the order 1% leading to an uncertainty of
0.1–0.3 in the composition of the samples. The composition of the Ni containing clathrates is taken as the nominal composition. The third
column refers to the crystallinity, pc and sc is poly and single crystalline, respectively. n and p refers to n- or p-type. The lattice parameters
were determined from conventional powder diffraction data with LaB6 �a=4.15692 Å at 23 °C� as internal standard. Densities were
measured using Archimedes’ principle on a home-built device. The charge carrier density �n in units of e per unit cell� is calculated from the
Hall resistivity measured as function of magnetic field �0–9 T�. � is the resistivity and S is the thermopower. The effective mass �m*� is
calculated from n and the thermopower. l is the mean free path of the charge carriers, � is the Hall mobility, and �400 K/�2 K is the residual
resistance ratio. The m or s in parenthesis refers to whether the temperature dependence of � is metal- or semiconductor-like. For all
properties the subscript refers to the temperature of the measurement.

Composition Crystallinity
a295 K

�Å�
�meas

�g/cm3�

�meas/
�theo

�%�
n300 K

�e /uc�
�300 K

��	 cm�
S400 K

��V/K� m* /m0

l300 K

�Å�

�300 K

�cm2

s−1 V−1�
�400 K/

�2 K

Ia Ba8In13.3�2�Ge28.6�3��4.1 pc/n 11.1785�6� 5.57 100 −3.7 1339 −75 5.4 5.0 1.8 1.6 �m�
Ib Ba8In12.8�2�Ge29.8�3��3.4 pc/n 11.1819�18� 5.45 97 −5.2 1126 −73 6.6 4.7 1.5 2.0 �m�
Ic Ba8In16.1�2�Ge29.9�3� sc/n 11.2153�4� 6.02 100 −6.5 574 −52 5.4 8.0 2.3 8 �m�
Id Ba8In16Ge30 sc/n 11.2202�9� 6.02 100 −4.3 1211 −87 6.7 5.0 1.7 2.2 �m�
IIa Ba8Ni6Ge40 pc/ p 10.6764�3� 5.97 100 9.6 2512 126 17 1.5 0.41 0.89 �s�
IIb Ba8Ni5.8Ge40.2 pc/ p 10.6776�3� 5.75 97 5.4 3889 146 15 1.4 0.42 0.54 �s�
IIc Ba8Ni5.6Ge40.4 pc/n 10.6795�2� 5.72 96 −0.32 7965 −104 2.2 3.9 2.9 0.26 �s�
IId Ba8Ni5.4Ge40.6 pc/n 10.6807�4� 5.83 98 −0.52 3663 −144 3.0 7.0 4.8 1.1 �s�
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charge carrier concentrations close to the expected, Table I.
Since only small amounts of impurity phases are observed
and a increases systematically with Ge content, deviations
from the nominal stoichiometry seems an unlikely explana-
tion for the n-type properties, which are probably due to the
presence of a small amount of vacancies. One striking fea-
ture is the very large m* ��15 m0� and very low � and mean
free path �l� of the charge carriers in the p-type
Ba8Ni6−xGe40+x samples.

In Fig. 1 the lattice thermal conductivities of the eight
samples are plotted. For Ba8In16−xGe30−y�x+y the two
samples with a large concentration of vacancies �Ia and Ib�
have �L temperature dependencies similar to the glasslike
thermal conductivity observed for n-type Sr8Ga16Ge30,

1

n-type Eu8Ga16Ge30,
2,5,10 and p-type Ba8Ga16Ge30.

6 Samples
Ic and Id have more crystal-like �L, although the thermal
conductivity of sample Id reaches a value of only
�1 W m−1 K−1 at 8 K. For Ba8Ni6−xGe40+x the thermal con-
ductivities of the two n-type samples are very similar and
crystal-like, whereas for the two p-type samples the magni-
tude of �L is much reduced with glasslike temperature de-
pendencies, although the dip observed around 10–30 K in
other glasslike clathrates is less pronounced.

In a recent paper11 we pointed out that higher values of
the guest atom resonance frequencies are obtained from dif-
fraction experiments and specific heat data on one side than
from inelastic neutron scattering, Raman spectroscopy, and
acoustic attenuation on the other. Based on the differences in

�L�T� of p- and n-type Ba8Ga16Ge30 we have earlier pro-
posed that the low temperature �T�5–10 K� �L is deter-
mined by phonon charge carrier scattering.6 Here we extend
the argumentation and propose that the resonance dip in
�L�T� is also due to phonon charge carrier scattering, and that
resonant scattering from the guest atoms only plays a role
above �50–70 K in agreement with the resonance frequen-
cies obtained from scattering experiments and specific heat
data. It has been shown earlier that phonon charge carrier
scattering has a significant contribution to the thermal resis-
tivity below �10 K.6,10 We believe the most appropriate
model for describing �L�T� below 5–10 K is the free elec-
tron model by Ziman.17,18 This type of scattering gives a T2

temperature dependence of �L and a scattering rate which
increases with m*2. Later extensions of the theory have
shown that in disordered materials the scattering rate can
increase further if ql�1, where q is phonon wave number.19.
Furthermore, the condition that only phonons with q�2kF
can be scattered may be relaxed, and this extension can lead
to scattering at even higher temperatures.20 Another type of
scattering mechanism, which has not been considered as con-
tributing to the �L resonance dip, is phonon scattering on
degenerate electronic impurity/localized states. These states
can be dynamically Jahn-Teller split by a local phonon dis-
tortion of the lattice.21–23 This scattering mechanism is diffi-
cult to quantify, but as seen from Figs. 3 and 4 in Ref. 21
sufficiently high impurity concentrations ��1026–1027 m−3�
in Si and GaAs result in �L having a resonance dip and
magnitude similar to what is observed in clathrates. In the
clathrates the impurity/localized states originate from either
vacancies or the disorder among the framework atoms.
Qualitatively �L�T� therefore can be explained in terms of
the two phonon charge carrier scattering mechanisms at low
temperature and guest atom resonance scattering at higher
temperatures. The glasslike �L of samples Ia and Ib, and
crystal-like �L of samples Ic and Id can be interpreted as
a consequence of larger vacancy concentrations in the
former which introduces the localized/impurity states
that can lead to resonancelike scattering. At higher tempera-
tures �L�T� converges towards the same value for all
Ba8In16−xGe30−y�x+y samples as expected if guest atom reso-
nant scattering dominates. It is interesting to note that the
more metal-like samples �larger n, smaller �, and larger re-
sidual resistance ratio� Ic and to a lesser extent Ib, have a
larger �L than samples Id and Ia, respectively, below ap-
proximately 50 K. Such a systematic dependence on the
electrical properties is also observed for Sr8Ga16Ge30,

1,10

Eu8Ga16Ge30,
10 and Ba8Ga16Ge30 �Ref. 6� and can partly be

explained by a lower l of samples with lower n.6,10

For Ba8Ni6−xGe40+x the framework structure is more or-
dered with the Ni atoms preferring to occupy the 6c site.13.
In this case the number of impurity/localized states is re-
duced, and consequently the resonance scattering is reduced
giving no clear dips in �L�T� of any of the Ba8Ni6−xGe40+x

samples. The difference in �L�T� between n- and p-type
Ba8Ni6−xGe40+x can be explained by the large m* in p-type
Ba8Ni6−xGe40+x which enhances the phonon scattering on
free charge carriers. Between the two n- or the two p-type
samples the variation of �L�T� is within the resolution of the

FIG. 1. �Color online� Lattice thermal conductivity ��L� as func-
tion of temperature �T� for the Ba8In16−xGe30−y�x+y �red �light�
curves� and Ba8Ni6−xGe40+x �blue �dark� curves�. Included is also
�L of one p-type and one n-type Ba8Ga16Ge30 �black dotted curves�
from Ref. 6. �L has been calculated from �=�L+�c, where � is the
measured thermal conductivity and �c is the charge carrier contri-
bution calculated from resistivity using the Wiedemann-Franz law
and assuming that the carriers are degenerate. At 200 K �c varies
among all samples from 0.05 W m−1 K−1 �IIc� to 1.1 W m−1 K−1

�Ic�. At 10 K the corresponding values are 0.001 W m−1 K−1 �IIc� to
0.26 W m−1 K−1 �Ic�. The romans letters at the bottom refer to
ranges where phonon charge carrier scattering dominates �I�, pho-
non scattering on localized electronic states dominates �II�, and
resonant scattering of the phonons on the guest atoms dominates
�III�.

STRONG PHONON CHARGE CARRIER COUPLING IN¼ PHYSICAL REVIEW B 73, 094301 �2006�

094301-3



measurement. From our model one could expect variations
because of differences in n, l, and m*. However, the main
point is the very large difference between n- and p-type
samples.

For Ba8Ga16Ge30 measurements of the transport proper-
ties indicate that the number of localized states close to the
valence band is much larger than the number of localized
states close to the conduction band. All p-type Ba8Ga16Ge30
samples in the literature have thermally activated transport
properties, even when the charge carrier concentration is as
high as 0.6 e+ /uc.6,24 For n-type Ba8Ga16Ge30 samples ther-
mally activated behavior has not been observed even though
samples with a charge carrier concentration as low as
0.2 e− /uc24 have been measured. A qualitative reason is that
a Ga impurity in an ordered Ba8Ga16Ge30 lattice acts as an
acceptor, with localized acceptor states close to the valence
band only. This result is in good qualitative agreement with
the proposed phonon charge carrier scattering model and that
glasslike �L�T� is only observed in p-type Ba8Ga16Ge30. For
Sr8Ga16Ge30 and Eu8Ga16Ge30 samples a glasslike �L�T� is
also observed in metallic samples. Nonetheless, two
Sr8Ga16Ge30 samples that exhibit metallic properties with a
very low � and a large RRR have a normal crystal-like
�L�T�,25 and the general trend among Sr8Ga16Ge30 and
Eu8Ga16Ge30 samples is that as n decreases the more glass-

like �L�T� becomes.10 This is an indication that Ga/Ge dis-
order �localized� states play a role and that the Ga/Ge disor-
der in Sr8Ga16Ge30 and Eu8Ga16Ge30 is larger than in
Ba8Ga16Ge30.

We have presented �L�T� data for eight samples, which
together with literature data give convincing empirical evi-
dence that the glasslike �L is linked to the electronic proper-
ties. The glasslike �L �and absence thereof� can be qualita-
tively explained by phonon scattering on free charge carriers
in combination with scattering on bound charge carriers, the
latter being responsible for the resonance dip in �L. Thus the
results from Raman spectroscopy26 and ultrasonic
experiments8,27 should be interpreted in terms of phonon
charge carrier scattering/coupling. The reduction of the elas-
tic constants observed at low temperatures,8 which for clath-
rates has been interpreted as being due to tunneling states, is
in fact also seen in p-type silicon.28 In Si the reduction is
related to the localized states of the dopant atoms.
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